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Abstract 
The development of cost-effective and safe CO2 transport solution is important issue for fully integrated CCS 
projects. Recently there have been studies on CO2 marine transport, some of which sought to improve general 
understanding of CO2 marine transport and some tried to provide better solution for a specific project. This paper 
assesses CO2 compression and transport considering geological condition of South Korea and assumed scenarios for 
Korea CCS projects. For flexible operation and stable CO2 injection, CO2 import terminal near injection site is 
introduced. Based on the results of comparison study, CO2 shipping is recommendable for individual fully integrated 
demonstration projects and CO2 shipping can be cost-effective for transporting large amount of CO2 in CO2 network 
connecting multi-sources and/or multi-storages. This paper suggests one of a solutions for CO2 marine transport in 
South Korea and some of suggestions in this study and the study results can be adopted for other projects in different 
environmental conditions as well. 
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The success of fully integrated demonstration is generally considered a key to commercialize CCS 
technology. Since CO2 transport has a role of integrating each CCS component technology, the 
development of cost-effective and safe CO2 transport solution is important issue for fully integrated CCS 
projects.  
Generally pipeline has been considered as main option of CO2 transport and CO2 shipping has been 
considered as one of options to provide reliable solution for CO2 transport. However, it is almost 
impossible to make a general guideline of selecting CO2 transport options between pipeline and shipping 
because there are too many factors affecting the cost of CCS value chain, including technical factors, 
environmental factors and political factors. The cost of CO2 transport should be assessed for actual or 
potential target project considering actual condition of each project.  
Recently, Global Carbon Capture and Storage Institute (GCCSI)[1] published a knowledge sharing 
report on complete logistical transportation solution for Rotterdam area and introduced Liquid Logistics 
Shipping Concept (LLSC) to provide CO2 emitters with a complete logistical transport solution from 
several CO2 sources to offshore storage location. The LLSC adopted the concept of CO2 hub or terminal, 
which included compression facility, liquefaction facility and temporary storages. About 3 MtCO2/year 
of CO2 from Rotterdam area was expected to be transported by ship to offshore storage.  
This paper seeks to provide better solution of CO2 transport for potential CCS projects in South Korea.  
2. South Korea s Environment condition affecting CO2 transport 
South Korea is located on the Korean Peninsula. The Yellow Sea is to the west, the East Sea is to the 
east and the China Sea and Korea Strait is to the south. Therefore CO2 captured in western or southern 
parts of peninsula can be transported around the coastlines of Korea to the potential storage site in the East 
Sea through offshore pipeline or shipping. At the same time, CO2 captured in eastern parts of peninsula 
can be transported to the potential storage site in the China Sea. About 
territory is made up by mountains. The biggest planes are located along the west coast of Korea and most 
populated cities are located in western parts. 
Based on national CCS master plan of Korean Government, large scale CCS demonstration 
(>1MtCO2/year) will be started between 2017 and 2018. The continental shelves of Ulleung basin located 
in the East Sea are the most promising candidate for CO2 storage of large scale demonstration CCS 
project in Korea ( Huh et al. [2] ). Since many large CO2 sources like power plants are located in western 
parts of Korea but Ulleung basin is located in the East Sea, captured CO2 in western parts should be 
transported to the opposite of the peninsula. One solution is to transport CO2 through on-land pipeline but 
pipeline cost in mountain region, covering 70% of Korean peninsula. In addition, pipeline across Korean 
peninsula can be installed passing though populated area and public acceptance can be a barrier for CO2 
transport in Korea. Another solution is to install pipeline along the coast line of Korean peninsula from the 
CO2 source to the CO2 storage but the pipeline distance is longer than that of on-land pipeline across 
Korean peninsula. The other solution is to transport CO2 by shipping around Korean peninsula. Especially 
in Korea, many of large CO2 sources like power plant and steel industry are located in coastal area to 
import fuel or raw material by shipping and most of them have its own harbor facilities.  
Sea water temperature is another important parameter for CO2 cost assessment on CO2 transport. 
Captured CO2 should be compressed or liquefied for increasing transport efficiency. In both processes, 
compressor is main equipment and the compressed fluid should be cooled-down for increasing 
liquefaction efficiency or compression efficiency. Since sea water temperature is generally used for 
cooling water, CO2 temperature or coolant temperature is determined based on sea water temperature of 
plant site. North sea is one of most expected area for offshore CO2 storage and there are some studies on 
CO2 marine transport considering North sea as CO2 storage site, where the average temperature of North 
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sea is about 7 degC. In Korea, however, the average sea water temperature is more than 30 degC. In this 
study, cooling water temperature is assumed to 32 degC 
 
3. CO2 transport scenario 
3.1. Scenario #1. Transport CO2 from  the western coastal region to the East Sea 
In the scenario #1, power plant in Boryeong or Taean is considered CO2 source. The captured CO2 
amount is expected to 1.8 MTA in 2018 or 2020.  A distance in straight line from Boryeong or Taean to 
Ulsan is about 300 km and the distance around the coast line is about 700 km. The distance from Ulsan to 
the injection site, Ulleung basin is about 60 km (Figure 1). 
Figure 1. Scenario #1. CO2 transport from Boryeong or Taean to Ulleung basin 
 
CO2 can be transported by on-land pipeline. The distance from Boryeong or Taean to Ulsan city is 
about 300 km across the peninsula but the route of pipeline passes through mountainous area. Alternative 
route is along coast line and the distance is about 700 km. For both cases, captured CO2 is assumed to be 
compressed to 100 barA for transport and injection. Compression facility is assumed to be constructed in 
capture plant. The CO2 transport by pipeline is composed with compression and transport by pipeline 
(Figure 2).  
3202   Byeong-Yong Yoo et al. /  Energy Procedia  37 ( 2013 )  3199 – 3211 
Figure 2. Scope of the cost assessment for CO2 transport by pipeline 
 
For CO2 shipping, captured CO2 is initially compressed and then liquefied at the temperature of -50 
degC. Since CO2 is continuously captured and liquefied even during ship voyages to transport CO2, 
liquefied CO2 should be accumulated in temporary storage. Transported CO2 by ship is offloaded into 
the other temporary storage of CO2 import terminal in Ulsan city (Figure 3).  The capacity of ship is 
20,000 m3 and the conceptual drawing is shown in figure 4. 
 
Figure 3. Scope of the cost assessment for CO2 transport by ship 
 
Figure 4. Conceptual drawing of CO2 carrier 
3.2. Scenario #2. Transport CO2 from  the southern coastal region to the East Sea 
In the scenario #2, power plant in Hadong is considered CO2 source. The captured CO2 amount is 
expected to 1.8 MTA in 2018. A distance in straight line from Hadong to Ulsan is about 160 km and the 
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distance around the coast line is about 250 km. The distance from Ulsan to the injection site, Ulleung 
basin is about 60 km (Figure 5). The component of pipeline and CO2 shipping for scenario #2 is same as 
those of scenario #1 in figure 2 and figure 3. The capacity of ship is 10,000 m3 
Figure 5. Scenario #2. CO2 transport from Hadong to Ulleung basin 
3.3. Scenario #3. Transport CO2 from  the southern coastal region to the East Sea 
In the scenario #3, power plant in Youngdong is considered CO2 source. The captured CO2 amount is 
expected to 1.8 MTA in 2018. A distance in straight line from Youngdong to Ulsan is about 250 km and 
the distance around the coast line is about 250 km as well. The distance from Ulsan to the injection site, 
Ulleung basin is about 60 km (Figure 6). The capacity of ship is 10,000 m3 
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Figure 6. Scenario #3. CO2 transport from Youngdong to Ulleung basin 
 
Basically, the component of pipeline and CO2 shipping for scenario #3 is same as those of scenario #1 
in figure 2 and figure 3. But, the difference condition of CO2 outlet stream from capture process results in 
different equipment and process in CO2 transport. The coal power plant in Youngdong is very old and 
oxyfuel process is considered as one of candidates for the solution of retrofitting old coal power plant in 
Youngdong. In this process, CO2 is liquefied at about -5 degC and the outlet CO2 stream of capture plant 
is liquid state not gaseous state. Once CO2 is liquefied, CO2 can be compressed to high pressure by 
pumps not expensive compressors that consume much power. Therefore the cost for compression in 
pipeline transport can be almost negligible compared to pipeline cost. In CO2 shipping, CO2 is liquefied 
in capture process already, CO2 can be cooled down to about -50 degC for shipping, which consumes 
much less power than CO2 liquefaction process.  
The power plant in Youngdong has no harbor facilities because coal was transported to power plant by 
train. If CO2 is transported by ship, the cost of shipping will be increased by construction of new harbor 
facility for CO2 shipping or installing additional pipeline from Youngdong to other city with a harbor 
facility.  
 
3.4. Scenario #4. Transport CO2 from all CO2 sources in previous scenarios to the East Sea 
In the scenario #4, CO2 sources are scattered in Boryeong, Taean, Hadong and Youngdong. The total 
amount of captured CO2 is expected to 7.2 MTA in 2018. All capture CO2 is transported to the import 
terminal in Ulsan city by pipeline or ship and injected into Ulleung basin (Figure 7). Two(2) 20,000 m3 of 
ships and two(2) 10,000 m3 ships are adopted for the scenario #4. 
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Figure 7. Scenario #4. CO2 transport from four CO2 sources to Ulleung basin 
 
In the scenario #4, CO2 sources are scattered in Korea and 70% of Korea is covered by mountain. 
Therefore backbone pipeline that gathers all CO2 emitted in Korean peninsula and transports CO2 by one 
large pipeline can not be adopted in Korea. Since, however, many CO2 emitters are located in western 
parts in Korea, backbone pipeline from western parts to the East Sea can be considered, which could 
gathers CO2 emitted in western parts and transport CO2 by one or several large backbone pipeline. The 
shortest distance across the peninsula is the straight line but it is expected to pass through mountain area 
or residential area.  In this study, one pipeline that transports CO2 from both Boryeong and Taean can be 
considered and the straight line distance is about 300 km. However, if it is necessary to avoid highly 
mountain area or people populated area, the distance 300 km will be extended but it is not estimated in 
the conceptual study. Backbone pipeline along the coast line can be considered with less uncertainty of 
additional cost for avoiding residential area or detouring pipeline route. 
 
3.5.  CO2 import terminal  
In this study, CO2 import terminal is assumed to be constructed in Ulsan city. GCCSI[1] introduced 
CO2 terminal to gathers CO2 form various CO2 sources and some of CO2 gathered in the terminal was 
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transported by shipping and the other was transported by pipeline. Since the terminal had a function to 
receive liquid CO2 from barge and load liquid CO2 into different ship, the terminal had liquid CO2 
storage. The CO2 import terminal is similar concept to that in GCCSI [1]. In this study, Ulleung basin is 
assumed CO2 storage and the distance between Ulleung basin and Ulsan city on the Korea coast is 60 km. 
The size of the temporary storage is 1.2 times of the capacity of ship. 
Alternative solution of CO2 import terminal is to be installed offshore in Ulleung basin but, since ships 
have to be moored on the offshore plant, ships can not transport CO2 to the offshore plant under harsh 
weather condition. Adopting on-land CO2 import terminal, however, enables stable injection regardless 
of weather condition. Operators should stay in offshore plant to connect ship s offloading system with 
offshore plant and additional power grid for 60 km or additional power generation system should be 
installed on the offshore plant.  
Another alternative is to inject CO2 from ship into offshore underground storage without any 
temporary storages or import terminal but frequent operation of connecting ship s offloading line with 
injection pipeline increases probability of gas leak risk. In this study, since CO2 import terminal is 
constructed on land and injection pipeline is connected with underground storage from the on-land 
terminal, monitoring and operation can be controlled in on-land terminal and there is no risk of 
connecting operation. Safety is one of the most important factors to commercialize new technology. CO2 
import terminal on land seems more reliable than offshore terminal or CO2 injection from a ship into 
offshore underground storage. When land space is limited near liquefaction plants or the cost for land-
based plant installation is relatively expensive, floating barge type temporary storage or shore-mounted 
temporary storage could be adopted. (Yoo et.all 
4. Cost assessment for each scenario 
4.1. General assumptions for cost comparison study 
Pipeline cost was estimated by adopting McCullum[3] s model, which was the average of IEA GHG 
models, MIT model, Ecofys model, and Ogden model. Since, about 70 % of Korea peninsula is covered 
with mountainous area, terrain factor FT in McCullum[3] was selected as 1.5. Capital Recovery Factor 
(CRF) is 0.15. The construction cost of CO2 carrier and temporary storage was estimated based on 
concept design by DSME[4], a shipbuilding company, which has been used to design and build similar 
liquefied gas carriers such as LNG carriers and LPG carriers. For CAPEX calculation, project lifetime 
and depreciation period was 15 years and interest rate was 5.6% in this paper. Since large size of 
compressors shared most of cost for initial compression and liquefaction process, CAPEX and OPEX of 
compressors without other equipments were considered for the cost comparison study on 
liquefaction/compression technology. The cost was calculated using equations in McCollum s [3] study 
on techno-economic models for carbon dioxide compression.  
Installation cost would share large portion in total cost of new plants for liquefaction or compression 
but it was neglected with assumption that installation cost of compression plant and liquefaction plant 
would have similar amounts. The capital cost for compressor was annualized by applying a capital 
recovery factor (CRF) of 0.15.  
The cost for loading/unloading facility and other equipments, which were negligible compared to ones 
of main equipments of liquefaction process and compression process, were not considered in the study as 
well. Assuming that construction cost of compression plant and liquefaction plant has the same order, 
construction cost for compression plant and liquefaction plant were assumed to be offset in the 
comparison study.  
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In this study, electricity cost was assumed as 0.065 $/kWh and Heavy fuel oil(HFO), which was used
for CO2 carrier and electric generation in offshore temporary storage, was assumed as $500/tone.
4.2. Economic assessment on CO2 compression and transport strategies
Figure 8 shows relative cost of compression and transport for scenarios #1. The left graph show the cost 
comparison study result when pipeline is installed in straight line from CO2 source to Ulsan city. Pipeline
cost is more expensive than shipping cost. Furthermore, it should be considered that potential cost for 
public acceptance or detouring pipeline was not considered in this comparison study, which enables
pipeline cost increase. The below graph shows the cost comparison study result when pipeline is installed
along the coast line. It is clearly showed that CO2 shipping is more cost-effective than pipeline for 
transporting CO2 from western parts to the East Sea.
Figure 8. The results of compression and transport cost assessment for the scenario #1
Figure 9 shows the relative cost of compression and transport for scenario #2. In this short distance,
pipeline is more cost-effective than CO2 shipping. However, it should be noticed that the difference of 
cost is not significant, which can be regarded that the cost difference is less than error range of cost 
estimation study. If there are other advantages in adopting CO2 shipping than pipeline, this cost gap could
be negligible.
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Figure 9. The results of compression and transport cost assessment for the scenario #2
Figure 10 shows the relative cost of compression and transport for scenario #3. In this scenario, CO2
shipping is more cost-effective than CO2 pipeline as well. Since CO2 is already liquefied in capture
process, the compression cost is negligible and the liquefaction cost is significantly reduced compared to
other scenarios. However, the process to liquefy CO2 at capture process is expected to increase capture
cost compared to other processes so it is recommendable that CO2 cost assessment should include all
CCS component together from capture to storage and monitor. 
Figure 10. The results of compression and transport cost assessment for the scenario #3
Figure 11 shows the relative cost of compression and transport for scenario #4, where single pipeline
along 700 km coast line is installed to transport total CO2 from Boryeong and Taean. CO2 shipping cost 
is more-cost effective than pipeline.
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Figure 11. The results of compression and transport cost assessment for the scenario #4
Figure 12 shows the relative cost of compression and transport for scenario #4 with different assumption.
The left graph shows the cost comparison study result with assumption that large single pipeline can be
installed in 300 km straight line from the western parts to the East Sea. The size effect of large pipeline
enables pipeline transport more cost-effective but it should be noticed again that straight pipeline is
almost impossible and public acceptance from the area where on-land pipeline passes though can be
another barrier. The right graph shows the cost comparison study result with assumption that large single
pipeline is used to transport CO2 from western parts to the East Sea but the pipeline length is extended to
400 km to avoid highly populated area and high mountain area. It shows that the cost of pipeline and CO2
shipping are almost equal in this case. 
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Figure 12. The results of compression and transport cost assessment for scenario #4 with different 
assumptions.
4.3. Non-economic benefits of CO2 shipping
This study focuses on the cost comparison study between pipeline and shipping. However, for 
commercializing CCS technology, non-economical factors can be more important barriers for some
projects.
The flexibility is one of the most important characteristics of CO2 shipping compared to pipeline. Quick 
response to the change of economic or political environmental condition is achievable in flexible CO2
shipping project. Another important advantage is that less shipping requires less initial investment cost 
compared to pipeline. Therefore, the flexibility and less initial cost requirement can minimize financial 
loss even when CCS technology fails to be commercialized. If CCS technology successfully 
commercialized in future but there is no enough storage in Ulleung Basin, captured CO2 can be
transported for longer distance with large amount and CO2 shipping can be a cost-effective solution for 
this situation. (Yoo et. all [5])
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5. Conclusion 
This paper assesses CO2 compression and transport in South Korea. One goal of this study is to suggest 
optimal solution for Korea CCS projects in future as one of solution providers of CO2 marine transport. 
The other goal is to increase general understanding of CO2 marine transport with a case study.  
Firstly, CO2 compression and transport is assessed considering geological condition and assumed 
scenarios for Korea CCS projects. The scenarios in this study are not official plan of Korean government 
but these scenarios are based on experts  opinion. 
Secondly, CO2 shipping is recommendable for early stage of fully integrated demonstration projects, of 
which CO2 amount is about 1 or 2MTA and the transport distance is longer than 200 or 300 km. And 
even for the shorter distance CO2 transport, CO2 shipping is still recommendable because the cost gap 
between pipeline and CO2 shipping. 
Thirdly, CO2 shipping can be cost-effective for early commercialized CCS market. In this situation, there 
can be a multi-source and multi-sink CO2 network like the scenario #4. Especially in South Korea, the 
cost compatibility of backbone pipeline from eastern parts to the East Sea can be a key of selecting CO2 
transport solution between pipeline and shipping.  
Fourthly, CO2 terminal can provide flexible operation in developing CCS projects. If reliable CO2 
terminal can be installed near injection site, various CO2 transport can be developed and modified 
relatively easily according to each scenario. In this study, captured CO2 in different sources can be stably 
injected into Ulleung basin though CO2 import terminal in Ulsan city. 
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